To reduce costs involved in manufacturing small wind turbines, an aluminum circular-blade butterfly wind turbine (ACBBWT) has been developed, in which four blades of the turbine were extruded and bent to shape then attached directly to a rotating flange. The ACBBWT is a vertical axis wind turbine (VAWT) and the rotor diameter of the prototype is 2.06 m. Experiments to obtain the output performance were conducted outdoors using an axial blower; however, the data obtained were rather scattered due to the effects of natural wind. Therefore, performance curves in the high wind speed range are predicted by fitting theoretical curves based on the Blade Element Momentum (BEM) theory, in which modification of virtual incidence due to flow curvature effects is included. Three-dimensional computational fluid dynamics (CFD) analysis of a circular-blade wind turbine model (dia. 2 m) with a shape almost identical to that of the experimental rotor is performed. The results assuming an energy-conversion efficiency of 0.8 agree well with the experimental results at 7 m/s. CFD analysis shows that tip vortices are shed from the top and bottom parts of a circular blade, as with straight-blade VAWTs. However, vorticity in the circular-blade case is lower than that in the straight-blade case, and the cross-section of each tip vortex shed from circular blades appears to be in the shape of a deformed ellipse. In cases of small tip speed ratios, vortex shedding caused by the dynamic stall phenomena is observed around the equator plane in both the downstream and upstream regions, and the vortex shed in the downstream region by a circular blade forms a looped shape. Since distributions of surface pressure and skin friction obtained by 3D-CFD have a similar pattern in both the upstream and downstream regions, which is related to vortex shedding, it is considered that the vortex in the upstream region is likely to also have a looped shape.
Introduction
In comparison with large-scale wind turbines, small-scale wind turbines are promising as a clean, renewable, dispersion-type energy source, because fewer limitations are involved in their installation. However, the high cost of energy is a major hurdle for its spread. Horizontal axis wind turbines (HAWTs) are the main propeller types used in large-scale wind turbines. On the other hand, because small-scale wind turbines are often installed at relatively low altitudes where the wind direction varies considerably, various vertical axis wind turbines (VAWTs) have been developed for use. There is no need for yaw control in VAWTs, and there is thus a possibility to reduce costs (van Bussel and Mertens, 2005; Islam et al., 2007 Islam et al., , 2008 Shires, 2013; Liang et al., 2014; Rossander et al., 2015) . However, most VAWTs developed are straight-blade types, and they generally require arms to connect the blades to the central rotation axis.
Researchers at Tottori University have been studying the development of simple VAWT structures, and have now devised two types of VAWTs, a low center-of-gravity wind turbine (LCGWT) (Hara et al., 2014a ) and a butterfly wind turbine (BWT) (Hara, 2012; Hara et al., 2014b Hara et al., , 2015a . Both turbines enable a reduction in costs and an increase in the self-starting ability. They are both of a simple structure with no arms to cause aerodynamic resistance, and the blades are directly connected to the rotational axis (rotational flange or generator). However, the LCGWT and BWT have curved blades made from fiber reinforced plastic; thus, it is necessary to reduce their manufacturing cost.
To solve this problem, an aluminum circular-blade butterfly wind turbine (ACBBWT) (Hara et al., 2014c (Hara et al., , 2014d ) was developed collaboratively between Tottori University and two companies (Sinfonia Technology Co. Ltd. and Nikkeikin Aluminium Core Technology Co. Ltd.). The circular blades of the ACBBWT are built by aluminum extrusion and bending; they are attached to the rotating flange directly without arms. The blade section is limited to a symmetrical shape and the blades are rather heavy, but from the points of view of easy structural strength calculations and inexpensive blade manufacturing, they are superior to blades made of fiber reinforced plastics. Experiments were conducted outdoors using an axial blower to obtain the output performance of the ACBBWT prototype that has a rotor diameter of 2.06 m. However, the obtained data were rather scattered due to the effects of natural wind and thus it was necessary to confirm the appropriateness of the data.
In addition, as a part of the collaborative research between Tottori University and Tottori Prefecture, a three-dimensional computational fluid dynamics (3D-CFD) analysis was performed on a circular-blade wind turbine model (dia. 2 m) with a shape almost identical to that of the experimental rotor (Hara et al., 2015b) . The CFD results agreed well with the experimental data and showed differences and similarities between the vorticity fields produced by circular and straight blades.
In this paper, the above-mentioned experimental and numerical studies pertaining to the ACBBWT are integrated with new findings on the flow field around circular blades. Fitting curves to experimental data using the theoretical model shown in previous papers (Hara et al., 2014c (Hara et al., , 2014d are replaced with new fitting curves modified by virtual incidence based on flow curvature effects (Migliore et al., 1980; Furukawa et al., 1990; Akimoto et al., 2013) . Variations in the vorticity field around circular blades, relating to differences in the tip speed ratio, are described in detail using results of CFD analysis. A particular focus is the characteristic looped vortices shed around the rotor equator plane, and the azimuth dependency in distributions of surface pressure and skin friction upon the blade surfaces.
Experiment 2.1 Wind turbine rotor
The outline and main dimensions of the ACBBWT prototype are shown in Fig. 1 and the specifications are tabulated in Table 1 . The maximum diameter and height of the rotor are D = 2.06 m and H = 0.8 m, respectively; the blade section is NACA 0018; and the chord length is c = 0.183 m. Each of the two straight-blade portions near the root of a blade is 0.25 m long, and the angle between them is 70°. The circular blades are manufactured by extraction and are composed of aluminum (A6063); they each weigh approximately 5.8 kg. The cross-section of each blade contains partition plates (ribs) to prevent deformation in the bending process; the maximum deformation after bending is less than 0.9% of the maximum thickness of the blade section. The rigidity of the blades is very high, and structural analysis demonstrates that the maximum deformation of a circular blade is less than 0.65% of the blade's diameter under conditions of maximum rotational speed of the generator used. 
Experimental setup
Experiments were conducted outdoors using an axial blower (outlet diameter: 3 m) installed at Sinfonia Technology Co. Ltd.; the schematic drawing of the experimental setup is shown in Fig. 2 . The height of the center of the experimental wind turbine rotor is 2.5 m from the ground and coincides with the height of the center of the axial blower. The distance between the rotor and the blower is approximately 9.85 m. Two kinds of anemometers are used in the present experiments: a two-dimensional ultrasonic anemometer is placed upstream at 4 m (2D location) from the center of the rotor and it conducts measurements at a height of 2.5 m from the ground; a cup anemometer is placed upstream at 2 m (1D location) from the rotor at a height of 2.3 m from the ground; and another cup anemometer (which is used for visually checking the wind and is not connected to the data acquisition system) is placed 0.9 m away from the centerline passing through the center of the blower. The ultrasonic anemometer measures the wind direction, and the data obtained are used to monitor the stability of the wind direction in the data extraction process described in the next section. The origin of the wind direction is set at north-east, and thus the direction of the main-flow generated by the blower corresponds to about 310° in these experiments. Fig. 2 Schematic drawing of experimental setup. Experiments were conducted on site at Sinfonia Technology Co. Ltd. using an axial blower installed outdoor. Fig. 3 Schematic diagram of energy and signal transformation. AC output of generator is converted to DC current to charge a battery using an AC-DC converter. The pulse width of the DC current is arranged by the controller, which refers to a table designating a relation between the pulse width and the rotational speed; the relation can be changed by a gain parameter G. Figure 3 shows a schematic diagram of the energy and signal transformation used in the experimental system. The experimental rotor is installed on a multipolar permanent magnet generator of 300 W (400 rpm max.). The AC output of the generator is changed into a DC current via an AC-DC converter, and a battery (12 V, 50 Ah) is then charged by the DC output. The output electric power P e of the experimental rotor is obtained from the product of the DC current I e and the charge voltage V e . A wrap-spring clutch is used in this generation system; this connects the rotor shaft and the generator shaft, and is used when the rotational speed exceeds a specific value that generates an output voltage larger than the battery's voltage. The pulse width of the DC current is arranged by the controller, which refers to a table designating the relation between the pulse width and the rotational speed [i.e., pulse width modulation (PWM)]; this relation can be changed by the gain parameter G.
Measurements of output power, wind speed obtained by the cup anemometer, and rotational speed are recorded at 2 s intervals. In addition, wind speed and wind direction obtained from the ultrasonic anemometer are measured at 0.25 s intervals (4 Hz); these data are averaged every 2 s in the post-process and are integrated with other data as one dataset per experimental run. Figure 4 is a data extraction image of wind turbine performance curves obtained in outdoor experiments. The horizontal axis of Fig. 4 is the rotational speed, N, and the vertical axis is the electric power output P e . Fig. 4 Data extraction image of wind turbine performance curves. Relation between electric power output and rotational speed is varied by changing the gain parameter, G. If stable conditions are measured under conditions of a fixed gain parameter and a specific wind speed, average measurements represent a portion of the performance curve of the specific wind speed.
Experimental method
In Fig. 4 , performance curves determined at arbitrary wind speeds, V 1 < V 2 < V 3 , are shown by a dotted line, short-dashed line, and a broken line, respectively. In the present generation system, the electric power controller maintains a constant tip speed ratio; as the result, the electric power output P e is proportional to the cube of the rotational speed N. Therefore, the relation between P e and N can be given as P e = α N 3 , where α is a constant of proportionality. The gain parameter, G, is related to the constant, α; therefore, a larger gain parameter corresponds to a larger constant or a larger gradient of the P e -N curve, as shown in Fig. 4 . Theoretically, by changing the gain parameter, measurements of several operational points (i.e., data pairs of P e and N) under a constant wind speed relate to sections of the wind turbine performance curve that correspond to a constant wind speed. However, it is difficult to obtain stable operational points in outdoor experiments even when a blower is used, due to natural wind disturbance and inertia of the wind turbine rotor. Therefore, it is necessary to extract the portions in which fluctuations of data are small, then average the extracted data to obtain an operational point. The circles in Fig. 4 indicate the average ranges of stable data portions schematically. In this study, the base condition of the controller is defined as G = 1, which is the default setting of the controller. Measurements of the performance curves of ACBBWT were obtained by changing the gain parameter between 1 and 5. An example of the data extraction process is shown in Fig. 5 , where Fig. 5(a) shows data recorded at 2-s intervals (at G = 1) of the following: wind speed (V us ) and wind direction (Dir) measured by the ultrasonic anemometer, wind speed (V cup ) measured by the cup anemometer, rotational speed (N), and electric power (P e ); Fig 
Experimental results
Experiments were conducted from August 28 to 30 and from December 9 to 10 in 2013. Strong effects of natural wind were observed throughout the experimental period. However, as the conditions were calm on December 9, data obtained on this date were mainly used for analysis. Figure 6 shows fitting of extracted and averaged data using theoretical predictions on the basis of the Blade Element Momentum (BEM) method per low wind speed levels of V = 5.7, 7.0, 8.4, and 9.3 m/s. The vertical axis in Fig.  6 represents the electric power efficiency η, which is defined as the following equation,
where ρ is the air density (1.225 kg/m 3 ), V is the estimated wind speed at 2D location upstream of the rotor, and A is the rotor-swept area. The horizontal axis of Fig. 6 is the tip speed ratio λ, which is defined as follows,
where R is the rotor radius and ω (rad/s) is the angular velocity. Angular velocity can be expressed with the rotational speed N (rpm) using the relation of ω = πN/30. The curves shown in Fig. 6 are calculated using the quadruple-multiple streamtube (QMS) model (Hara et al., 2014b) according to the BEM theory and using the aerodynamic data (Sheldahl, 1981; Kumar, 2010) of NACA 0018. In previous papers (Hara et al., 2014c (Hara et al., , 2014d , a parameter of fitting the Fig. 6 Efficiency, η, vs tip speed ratio, λ, at each low-wind-speed level. The symbols refer to the extracted operating points of a specific wind speed level. Performance curves were fitted to the symbols manually by BEM-based simulations. theoretical curves to the experimental data was assumed to indirectly include flow curvature effects (Migliore et al., 1980) in addition to generator efficiency. However, in the present paper, the theoretical curves are directly modified in relation to the virtual incidence (angle of attack) using conformal mapping (Furukawa et al., 1990; Akimoto et al., 2013) . After modification, the upstream velocity is multiplied by a factor independent of the tip speed ratio, as the parameter of fitting. Compared with the results of previous curves, it can be seen that the peak efficiencies of the curves shown in Fig. 6 are decreased slightly, and that the right-hand side of each efficiency peak expands to a higher tip speed ratio. It should be noted that some of data including apparent large errors, which were presented in the previous papers (Hara et al., 2014c (Hara et al., , 2014d , were eliminated in Fig. 6 . Figure 7 shows the theoretical predictions expanded to high wind speed levels of 10-13 m/s, in addition to 7.3 m/s and 9.3 m/s, and the experimental data measured at five gain parameters. The vertical axis represents electric power P e (W), and the horizontal axis is the rotational speed N (rpm). The electric power increased in proportion to the cube of the rotational speed at a gain parameter, G, of 1.3 or less. However, when the gain parameter was 2.25 or more and high electric power (more than about 100 W) was generated, the experimental data swerved from the curve of P e = α N 3 . This swerve was caused by limitations in the control system, i.e., the PWM control did not work under conditions of high gain parameters. In the present experiments, maximum power generation of 241 W was obtained when the gain parameter was 1.0, wind speed was 11.3 m/s, and rotational speed was 362 rpm. Because the BEM-predicted wind speed corresponding to the maximum power condition observed in the experiments is 1 m/s higher than the experimental wind speed, the theoretical predictions might be revised upward. If an appropriate control system is used and an optimum gain parameter is set, the prototype of ACBBWT is expected to generate electric power of 305 W or more at a low rotational speed of 267 rpm at a wind speed of 12 m/s, with an efficiency of η = 0.19, according to the present BEM predictions. Figure 8 shows the wind turbine model used in numerical analysis; it was built using 3D-CAD and then imported into CFD application software. Each blade is circular to simplify model building and decrease computational load. The difference between the numerical and experimental models is small; different parts of the blades are located near the rotational access in each of the models (the root portion of the experimental blade is straight), but this is considered to have a limited effect on CFD analysis. The other parts and sizes of the numerical model are almost identical to those of . Each blade has a circular shape and the cross section is an airfoil of NACA 0018. Hub, generator, and pole are not considered in the present CFD analysis. The origin of a Cartesian coordinate system is defined at the center of the wind turbine rotor, and the Z axis corresponds with the rotational axis of the rotor. Upstream main flow is assumed to be parallel to the X direction.
Numerical analysis 4.1 Rotor model and computational conditions
the experimental rotor. There are four blades with blade sections of NACA 0018; the rotor diameter of the numerical model is D = 2 m, rotor height H = 0.8 m, and the chord length c = 0.183 m. The origin of the Cartesian coordinate system is set to the center of the rotor, and the X-axis is defined along the direction of main flow. The Z-axis is defined along the rotational axis, and the Y-axis is perpendicular to the X-and Z-axes, as shown in Fig. 8 . STAR-CCM+ ver. 8.04 is used as the numerical solver in this study. The basic equations are three-dimensional Reynolds-averaged Navier-Stokes equations, in which an unsteady incompressible viscous flow is assumed. In addition, the SST k-ω model (Menter, 1994 ) is adopted as the turbulence model, and the accuracy of time marching is set to the second order. The whole computational domain consists of a static cylinder region (Static region 1) with dimensions 48D (96 m) dia. × 64D (128 m) long as shown in Fig. 9(a) . The center of the wind turbine model is located at 24D (48 m) from the inlet boundary, and the model is surrounded by a rotating sphere region with a diameter of 1.6D (3.2 m), which is surrounded by a static region 2 and a static region 3, as illustrated in Fig. 9(b) . Static region 3 is The mesh size of Static region 2 is smaller than that of Static region 3, which was introduced as a buffer region between Static regions 1 and 2. The rotational region (a sphere of diameter of 1.6D), including the wind turbine model, rotates around a vertical axis using a sliding mesh measure.
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introduced to make a smoother connection (in terms of mesh size) between Static regions 1 and 2. Each circular blade inside the rotational region is surrounded by a torus surface with a cross section that has an ellipse of 1.53c (0.28 m) long dia.×1.09c (0.2 m) short dia.; the mesh size inside the torus surface is smaller than that on the outside. An unstructured polyhedral mesh is used for most of the computational regions, except near the blade surfaces where a structured prism layer mesh of 15 layers is used. about 83,000, 88,000, and 34,000, respectively, and the numbers in the rotational region and torus surfaces are about 405,000, and about 3,910,000, respectively; the total number is approximately 16,240,000. The time step Δt is determined from the relation of Δt = 1/(12N), which gives a rotor rotation of 0.5 degrees per step. Here N is revolutions per minute. The inlet wind speed is fixed at 7 m/s, and the outlet gauge pressure is fixed at 0 Pa. The slip wall condition is imposed at the cylindrical surface of Static region 1, whereas a no-slip wall condition is imposed at the blades' surfaces. The inlet wind speed of the present CFD analysis can be determined because the experimental data of 7 m/s (shown in Fig. 6 ) are thought to be relatively reliable. Calculations are performed for four rotational conditions at tip speed ratios of 1.5, 2, 2.5, and 3. The corresponding revolutions per minute are N = 100, 134, 167, and 200 rpm, respectively. The average values of the torque coefficient (and so forth) are obtained from results of the sixth rotation. The rotational direction moves counterclockwise when viewing the rotor from the plus direction of the Z-axis. The reference Reynolds number based on the blade chord length is R e = 2.6 × 10 5 for λ = 3. Although the grid convergence of the CFD results has not been checked in this study, the mesh size was refined and adjusted in order to realize a permissible computational time (about 12 days for six rotor rotations) under limitations of PC performance (Intel Xeon E5-2630v2×2, 12 cores, 64GB, Quadro K600). As the results of the grid refinement and the time sampling adjustment, the maximum Courant number in the case of λ = 3 is about 100, and that in the case of λ = 1.5 is about 150. 
Computational results
Simulated torque variations of a circular-blade are shown in Fig. 11 (a) for four tip speed ratios as functions of azimuth angle ψ, the definition of which is shown in Fig. 11(b) . In this study, the torque coefficient, CQ 1 , of one blade is defined as the non-dimensional form of a one-blade torque, Q 1 (Nm), by the following equation,
, where ρ is the air density, V is the upstream wind speed, A is the rotor swept area, and R is the rotor radius. As shown in Fig. 11(a) , torque in the case of λ = 1.5 decreases in a range between ψ = 80° and 110° compared to other tip-speed-ratio cases. This decrease can be explained by vortex-shedding caused by the dynamic stall phenomena (Paraschivoiu, 2002) , as mentioned in later sections. However, torque at λ = 1.5 is greater than that in other tip-speed-ratio cases; in the upstream region, it occurs at less than 80° and in the downstream region, it occurs between 250° and 360°. Rotational conditions of more than λ = 2 produce most of the torque in the upstream region at between 60° and 120°, and produce negative torque at a wide range in the downstream region. The azimuth ψ m at which maximum torque is produced shows an outstanding difference between low tip-speed-ratio conditions (ψ m < 90°) and high tip-speed-ratio conditions (ψ m > 90°). The torque behavior of the circular blade butterfly wind turbine obtained by CFD analysis is shown in Fig. 12 . As the unsteady resultant torque of all four blades is represented as Q ALL , the non-dimensional torque coefficient, CQ ALL , of the resultant torque is defined by the following equation:
The averaged torque coefficient C q , which is obtained by averaging CQ ALL , is also shown for each tip speed ratio in Fig. 12 . The largest torque coefficient and the maximum amplitude are given when λ = 1.5. However, the largest averaged torque coefficient is obtained at λ = 2, and the torque amplitude tends to decrease with increasing tip speed ratios. In addition, the positions of the torque maxima shift to the direction of the larger azimuth compared with the case of λ = 1.5 when λ = 2 or more. 
Comparison between computational and experimental results
The relation between the averaged power coefficient C p and the averaged torque coefficient C q is given by the following Eq. (5):
The averaged power coefficient, C p , is the ratio of the averaged axial power output or mechanical power (not the electric power output of a generator) to the upstream wind energy. To obtain the electric power efficiency, η, defined by Eq. (1) from the power coefficient C p , it is necessary to consider the efficiencies of the generator, AC-DC convertor, and battery charging; however, accurate values of those efficiencies are unknown. Therefore, on the basis of past experience, in the present study the total conversion efficiency η g from the axial power output to the electric power output is assumed to be 0.8 (and it is probable that the efficiency of the generator used in this study is about 90%). The generation efficiency within CFD analysis is thus given by the following relation,
Figure 13 compares the CFD and experimental results of generation efficiencies at a wind speed of 7 m/s. Although the experimental data are scattered due to the disturbance of natural wind, as previously mentioned, the CFD results agree well with the experimental data. In particular, the tip speed ratio of the maximum efficiency is the same in both cases.
Vorticity field around circular blades
This section and Section 4.5 focus on the flow field around the circular blades as calculated by 3D-CFD. In this study, a circular blade is expediently divided into two portions, i.e., an outer and inner blade, at a line passing between the top and bottom of the circular blade. The surface on the convex side of each semi-circular blade portion is referred to as the outside-surface, and the surface on the concave side is the inside-surface (Fig. 14) . It is known that tip vortices are shed from the ends of a straight blade (Ferreira et al., 2006; Howell et al., 2010) . As shown in Fig. 15 and Fig. 17 , vortices corresponding to the tip vortices of the straight blade are shed from the top and bottom parts of a circular blade. However, the cross section of a tip vortex of the circular blade is not circular as in the case of a straight blade, but is a deformed shape similar to that of an ellipse; the strength of the vorticity is thus less than in the case of a straight-blade (Hara et al., 2015b) . The deformity of the cross section of the tip vortex shed from the circular blade on the upstream side is reduced, and the cross-sectional center of the tip vortex tends to leave from the equator plane as the tip speed ratio increases, as seen in Figs. 17(c) , (f), and (i).
Vortex shedding caused by dynamic stall phenomena in small tip-speed-ratio conditions is already known in the field of VAWT, and the experimental flow-visualizations and numerical simulations for vortex shedding from the straight-blade models were carried out by other researchers (Fujisawa et al., 1999; Ferreira et al., 2009 Ferreira et al., , 2010 Sato et al., 2011) . The developing and shedding of the vortex based on the dynamic phenomena are observed near the equator 13 plane of the circular-blade rotor in the cases of λ = 1.5 and 2, as shown in Figs. 15 and 16 . In particular, in the case of λ = 1.5, a vortex is already shed from the inside surface (suction surface) of the outer blade of blade #2, even at an azimuth of ψ = 102° (Fig. 15(a) and Fig. 16(a) ). In contrast, vortex shedding does not begin at blade #2 of the same azimuth for λ = 2, and the flow field of this is in the developing-vortex stage of the dynamic stall phenomena (Fig.  15(d) and Fig. 16(d) ). The vortex is shed from blade #2 at ψ = 132°, as shown in Fig. 15 (e) and Fig. 16(e) . When the flow field around a blade is in the developing-vortex stage of the dynamic stall phenomena, the rotational torque increases due to the lift force produced by the vortices bound on the suction surface. However, when the developed vortex is shed, the rotational torque greatly decreases. These observations of vortex shedding near the equator agree with the description in section 4.2, that the one-blade torque has a maximum at an azimuth of less than 90° in the case of λ = 1.5, but the azimuth of maximum torque is slightly more than 90° in the case of λ = 2. We now focus on looped vortex shedding from the outside surface of the outer blade of blade #3 on the downstream side, as in Figs. 15(b) and (c) and in Figs. 15(e) and (f). Vortex shedding near the equator on the downstream side in cases of λ = 1.5 and 2 is also thought to be caused by the dynamic stall phenomena, where the opposite blade surface (i.e., the outside surface), which is against the upstream side, becomes the suction surface. Past research into dynamic stall of VAWT (Fujisawa et al., 1999; Paraschivoiu, 2002; Ferreira et al., 2009 Ferreira et al., , 2010 Sato et al., 2011) has mainly focused on upstream vortex shedding, and has rarely mentioned the existence of downstream vortex shedding by the dynamic stall phenomena. Similar downstream vortex shedding is observed in the case of the straight-blade VAWT under low tip-speed-ratio conditions (Hara et al., 2015b) ; however, the vortex shape is that of a straight line and is not looped. 
Distributions of pressure and skin friction upon surfaces of circular blades
As shown in the previous section, when the tip speed ratio is low, looped vortex shedding is observed from the circular blade in the downstream region. In order to elucidate the behavior of looped vortex shedding and its similarity with upstream vortex shedding, in this section distributions of surface pressure and skin friction of the circular blades are investigated in cases of λ = 1.5 and 2. The local surface pressure coefficient c sp and the local skin friction coefficient c sf are defined in this study by the equations (7) and (8), respectively, as follows, 2 0 s sp
where p 0 is the constant ambient pressure, p s is surface pressure, and τ s is skin friction. Figure 18 shows an example of color-contoured distributions of surface pressure coefficients for the case of λ = 1.5. In this example, the azimuth angles of the blades are ψ = 45°, 135°, 225°, and 315°. Figures 19 and 20 show color-contours of distributions of the surface pressure coefficient every 45 degrees between 0° and 315° for the case of We firstly focus on looped vortex shedding from the outside surface of the outer blade of blade #3 at ψ = 222° and λ = 1.5 (Fig. 15(b) ). The surface pressure distribution pattern caused by this looped vortex is shown in ψ = 225° of Fig.  19(a) , and the skin friction distribution pattern corresponds to ψ = 225° of Fig. 22(a) . Both patterns are similar to each other and appear to be twin vortices. On the opposite surface, i.e., the inside surface of the outer blade shown in ψ = 225° of Fig. 19(b) , most of the surface is under positive pressure conditions, and the pressure near the leading edge is particularly high. When returning back to the former surface (the outside surface of outer blade), as shown in ψ = 225° of Fig. 19(a) , most of the surface is under negative pressure conditions, and the lowest pressure portions (green color) are observed at the central parts of the twin vortices (Z = ± 0.1 m) and the parts close to the leading edge (Z = ± 0.3 m). The lowest pressure portion on the surface at ψ = 180° in Fig. 19(a) is the leading edge part near the equator, and the distribution pattern of the lowest pressure is linear. At this point, as seen from the vorticity distributions around blade #3 of Fig. 15(a) and Fig. 16(a) , the flow coming over the leading edge from the pressure side rolls up a vortex on the suction side. The vortex is then bound by the surface, and it begins to separate from the blade's surface near the equator during the increase in azimuth from 180° to 225°. The vortex roll-up region then expands from the equator part to the lower latitude parts. Similar distribution patterns of surface pressure and skin friction are observed at ψ = 225° in Fig.  20(a) and Fig. 23(a) in the case of λ = 2. Similar twin-vortex patterns are observed even on the upstream side on the inside surface of the outer blade; i.e., on the surfaces at ψ = 90° in Fig. 19(b) and Fig. 22(b) at λ = 1.5, and on surfaces at ψ = 135° in Fig. 20(b) and Fig. 23(b) at λ = 2. These patterns are thought to be caused by vortex shedding based on the dynamic stall phenomena in the upstream regions. Although it is obvious that variations in surface pressure and skin friction relating to the twin-vortex pattern in the upstream region are greater than in the downstream region, as the similarity between these patterns in both regions is very high, the behavior of vortex shedding is likely to be almost the same. In other words, it is considered that vortex shedding near the equator in the upstream region would have a looped shape, although it is difficult to confirm this from Fig. 15 or Fig. 16 . Since the blade motion relative to the flow direction and the blade curvature of the suction side are different between the upstream and downstream sides, there ought to be differences in the behavior of the looped vortices of both sides. The circular shaped blade, and not the straight shaped blade therefore forms a looped shape, in spite of the blade's curvature.
Compared with the outer blades, there is no significant variation in distributions of surface pressure and skin friction on the inner blade's surfaces, as shown in the third and fourth rows of Figs. 19, 20, 22, and 23 Fig. 15 , the tip vortex shed from a circular blade does not appear to separate from the leading edge, but is shed from the trailing edge. The present CFD analysis is that of URANS (unsteady Reynolds-averaged Navier-Stokes), and compared to the use of a Large Eddy Simulation (LES) or Detached Eddy Simulation (DES) it is not capable of resolving the fine vortex structure, even under the same mesh size conditions (Ferreira et al., 2010) . However, with an understanding of the existence of the above-mentioned low pressure regions, and the iso-surface behavior of the vorticity magnitude shown in Fig. 15 , it can thus be deduced that small vortices are continuously produced near the leading edge at each outside surface (not inside surface) at the top and bottom parts of the circular blades, and that they move along the surface before being shed from the trailing edge to form a tip vortex. Comparing distributions of the low pressure parts at ψ = 45° between Figs. 19(a) and (c) and Figs. 20(a) and (c) indicates that the tip vortex formation occurs at the center on the inner blade side in the case of λ = 1.5, but is shifted towards the outer blade in the case of λ = 2. In fact, as shown in Fig. 15 and Fig. 17 , the center of tip vortex shedding from the trailing edge appears to reside on the inner blade when the tip speed ratio is low, whereas the center of vortex shedding moves towards the outer blade side when the tip speed ratio is increased.
Conclusions
This paper described experiments conducted outdoors on ACBBWT with a rotor diameter of approximately 2 m and a 3D-CFD analysis using a numerical model with a size and shape an almost similar to that of the experimental rotor. The fitting of experimental data by modified theoretical curves based on the BEM theory predicted that the experimental rotor would be able to generate an electric power of 305 W at 267 rpm at 12 m/s (efficiency: 19%). CFD analysis, assuming an energy-conversion efficiency of 0.8, agreed well with the experimental results of 7 m/s. Analysis by 3D-CFD also showed that vortices were shed from the top and bottom parts of the circular blades, similar to straight-blade VAWTs. However, vorticity in the case of circular blades was found to be lower than that in the case of straight-blades, and the cross-section of the tip vortex shed from the circular blades appeared to be shaped like a deformed ellipse. CFD analysis showed that when the tip speed ratio was small (λ = 1.5 and 2), vortex shedding caused by the dynamic stall phenomena was observed near the equator plane in the downstream region as well as in the upstream region. The vortex shed in the downstream region formed a clear looped shape. Since a similar twin-vortex pattern in relation to surface pressure and skin friction was obtained in the upstream region, it was presumed that upstream vortex shedding near the equator would form a similar looped shape. It was thus determined that the looped shape of vortex shedding, in spite of the blade curvature, is greatly related to the circular blade shape.
